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Abstract. Transition metal oxide and oxyhydroxide nanoparticles are the focus of considerable current interest
in geochemistry. Much progress has been made in understanding the structure and phase relationships in
mineral nanoparticles, but the effects of small size and modified surface structure on reactivity remains an
outstanding problem. Common environmental nanoparticles have been shown to exhibit enhanced chemical
reactivity relative to bulk mineral surfaces, but the origin of this behavior is not well established. We studied
the electronic structure component of mineral reactivity by comparing soft x-ray absorption and emission
spectra of bulk goethite (0-FeOOH) with spectra obtained from ~ 6 nm FeOOH nanoparticles and larger
FeOOH nanoparticles obtained by hydrothermal coarsening. The semiconductor band gap is reduced in the
FeOOH nanoparticles, mainly due to the presence of additional states in the upper valence band. We performed
ab initio simulation of the electronic structure of oxygen sites at the 010 surface of goethite, and observe that
oxygen sites with reduced metal coordination contribute to the O 2p DOS at higher binding energy. Hence we
conclude that FeOOH nanoparticle surfaces are more disordered than the surfaces of goethite, and that this
structural component is likely the dominant cause of enhanced rates of reductive dissolution.
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INTRODUCTION

Many low temperature abiotic and microbial
geochemical processes cause the production of
mineral nanoparticles in the environment [1].
These fine grain materials frequently play key
roles in the transport of contaminants, the
(photo)reductive  degradation of  organic
molecules, and as electron acceptors or donors in
microbial  metabolism. However, despite
observations of increased reactivity in nanoscale
minerals [2, 3], there is little understanding of
how small particle size affects the electronic
properties and reactivity of environmentally
relevant oxide nanoparticles. Thus, it is presently
not possible to construct predictive models of
nanoparticle roles in geochemical cycles, or to
predict the environmental impact of man-made
nanomaterials.

An important aspect of the reactivity of
minerals is the electrochemical potential of the

valence band (VB) and conduction band (CB)
electrons [4]. One method of investigating
absolute redox potentials of solution species is
via electrochemical cells, as has been
demonstrated for sulfide nanoparticles in non-
aqueous solvents [5]. However, such methods
are difficult for nanoparticles because slow
diffusion rates to the electrode lead to very small
currents that may be overwhelmed by electrode-
bound species. Furthermore, the electrochemical
measurement can drive redox reactions that can
cause the appearance of unanticipated chemical
species, requiring careful interpretation [6].
Recently it has been shown that the
combination of x-ray absorption spectroscopy
(XAS) and x-ray emission spectroscopy (XES)
can determine the band gap and the absolute
redox potential of electronic states in bulk iron
and manganese oxide minerals [7]. The direct
relationship between spectroscopic observations
of  semiconductor band  energies and



electrochemical potential provides a predictive
capability for the (photo)reduction dissolution of
bulk mineral phases [8].

Combined XES/XAS spectroscopy is well
suited to the study of nanoparticles and has
provided the clearest verification of how
quantum confinement separately affects the VB
and CB of delocalized electron semiconductor
nanoparticles [9]. In the present study, we used
O K-edge XES/XAS to study the VB and CB of
iron oxyhydroxide (FeOOH) nanoparticles, a
common natural environmental nanoparticle
[10], and a bulk goethite (a-FeOOH) reference.

EXPERIMENT

Iron oxyhydroxide nanoparticles
approximately 6 nm in diameter were
synthesized using the method of Guyodo et al.
[11]. The nanoparticle size was determined by
transmission electron microscopy (TEM) of
dried nanoparticles and dynamic light scattering
(DLS) measurements on aqueous suspensions at
pH 5. Larger FeOOH nanoparticles were
obtained by hydrothermally coarsening the as-
synthesized material in water at pH 5.5 and 90
°C for a number of days [12]. A mineral
specimen of bulk goethite (0-FeOOH) was
provided by G. A. Waychunas.
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FIGURE 1. The coordination environment of Fe
atoms in bulk goethite (a-FeOOH) and ~ 6 nm
diameter FeOOH nanoparticles, obtained from the
Fourier transform of Fe K-edge EXAFS data. The
interatomic distance is not corrected for phase shifts
associated with photoelectron scattering.

The crystal phase of the nanoparticles was
investigated by x-ray diffraction (XRD) and
extended x-ray absorption fine structure

(EXAFS) spectroscopy at the Fe K-edge. The
XRD data exhibited considerable peak
broadening caused both by small crystallite size
and the presence of structural disorder, making
phase identification challenging [12]. EXAFS
data were acquired in transmission mode from
dried powders mixed in BN held between
Kapton windows.

X-ray absorption and non-resonant emission
spectroscopy was acquired at the oxygen K-edge
from dried powders pressed into indium metal.
The beamline energy calibration was verified
with a sample of NiO. The beamline resolution
was 0.2 eV for XAS and 0.5 eV for XES; the
fluorescence spectrum was collected with an
excitation energy of 530 eV and a resolution of
0.3 eV. We verified that the electronic band gap
of bulk goethite, identified as the energy gap
between the inflection points of the VB and CB
edges, agreed with previously reported value (2.5
eV, ref. 7).

Spin polarized multiple scattering
calculations of the density of states of goethite
were performed with the FEFF 8.2 code [13].
The structure of goethite, including the magnetic
ordering, was obtained from ref. 14.

RESULTS

Figure 1 compares the site averaged local
coordination geometry of iron in bulk goethite
and in FeOOH nanoparticles, obtained from the
Fourier transform of the k’-weighted EXAFS
signal (2 - 14.6 A™"). The EXAFS radial
distribution  function (RDF) from the
nanoparticles decreases more rapidly with
interatomic distance than for the bulk goethite
reference, but is otherwise similar. Quantitative
fitting of the first shell (not shown) revealed that
the mean Fe-O bond distance in the nanoparticle
sample matches the bulk to within 0.03 A. The
static disorder in the FeOg octahedra is slightly
greater in the nanoparticles, with the Debye-
Waller disorder parameter found to be
O nano = 0.01 A% vs. 6% = 0.096 A”.

X-ray absorption and emission spectroscopy
at the oxygen K-edge show that the VB and CB
states at the electronic band gap are modified in
the nanoparticles relative to bulk goethite (Fig.
2). The emission data show that the VB is
broader in the nanoparticles, and as a
consequence the onset of the VB lies ~ 0.35 eV
higher in energy than for bulk goethite. The
absorption data reveal that the onset of the CB is
~0.15eV lower in energy in the nanoparticles,
and exhibit more complex lineshape differences.
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FIGURE 2. Soft x-ray emission and absorption
spectra from bulk goethite (lower curves) and
~ 6 nm FeOOH nanoparticles (upper curves) at the
oxygen K-edge. The difference between bulk and
nanoparticle spectra is shaded grey.

An expanded view of the x-ray absorption
spectra of the as-synthesized nanoparticles is
given in Fig. 3, and compared with data from
larger particles and the bulk reference.

DISCUSSION

Electronic Structure Changes
Conduction Band

Oxygen K-edge absorption spectroscopy of
iron oxides has been studied experimentally and
theoretically by many groups [15-17]. The
oxygen K-edge XAS is sensitive to the
unoccupied p-weighted density of states (pDOS)
due to the Al=+1 dipole selection rule for
photoabsorption. Because the Fe-O bond is
partially covalent, O 2p states hybridize with Fe
3d orbitals and hence the lowest energy (pre-
threshold) fine structure is associated with ligand
to metal charge transfer excitations [18, 19].
Thus, O K-edge XAS are sensitive to metal atom
coordination geometry and 3d occupation
(oxidation state).

The ferric iron sites in bulk goethite are
situated within distorted octahedral sites and
adopt a high spin configuration. Relative to O K-
edge XAS of bulk hematite (0-Fe,O3) [7], the
pre-threshold region of bulk goethite exhibits
additional peaks that are due to the presence of
two non-equivalent oxygen sites (oxygen ions
and hydroxide groups). It has been verified by x-
ray photoelectron spectroscopy (XPS) that the O
Is core level in the hydroxide groups is
chemically shifted by 1.2 eV to higher binding
energy relative to oxygen sites [20]. This shifts
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FIGURE 3. Oxygen K-edge absorption spectra of
~6nm FeOOH nanoparticles as a function of
hydrothermal coarsening time. From the bottom
curve: 0 days coarsening, 1 day and 8 days. The top
spectrum is from bulk goethite.

the energy positions of XAS features from the
two sites even though the photoabsorption
process involves ligand transitions to the same
iron site. The dominant contributions to the
oxygen pre-threshold XAS are tentatively
indicated in Fig. 3, where unoccupied Fe 3d
states are labeled with the assumption of ideal O,
geometry.

A notable feature of the nanoparticle XAS is
the apparent absence of the pre-threshold
contributions from hydroxide sites. As shown in
Figs. 2 and 3, there are only two resolvable
contributions and the full pre-threshold structure
evolves as the particle size is increased.
However, the proportion of hydroxide group
oxygen atoms in FeOOH nanoparticles is
expected to be greater than in the bulk when the
larger surface area is considered. Thus, we infer
the presence of a mechanism that reduces the
relative chemical shift of O Is core level in
FeOOH oxygen and hydroxide sites.

Figure 3 also shows that the pre-threshold
peaks are broader in the nanoparticles, and
sharpen with increasing particle size. We
interpret the broader peaks to indicate the
presence of numerous distinct, distorted iron
sites in the nanoparticles. While the FeOq
octahedra are considerably distorted in bulk
goethite, all iron sites are equivalent. Simple
peak fitting indicates that the mean peak
positions (i.e., the ligand field splitting of the
unoccupied 3d states) is slightly reduced in the
nanoparticles.

Valence Band

Oxygen K-edge emission spectra show an
enhancement of the lower and upper VB DOS in



FeOOH nanoparticles relative to goethite. Ab
initio cluster calculations have shown that the
upper VB is associated with Fe 3d — O 2p bonds
[18], with Fe-OH and non-bonding O 2p states
lying at lower energies. This DOS enhancement
may be partially related to the broadening of
Fe 3d derived states that is attributed to structural
disorder. However, it is clear that additional VB
DOS states are present in the nanoparticles. We
hypothesize that these states are associated with
the nanoparticle surface.

While certain synthesis methods can
manufacture  highly  crystalline  facetted
nanoparticles, low temperature precipitation
processes more often produce spheroidal
particles with no apparent facets [11, 12].
Although iron sites at the surface of hydrated
ferric iron minerals are usually fully coordinated
[22], the coordination of surface oxygen sites can
be significantly lower than the bulk. We tested
the effects of reduced oxygen coordination on O
2p DOS in FeOOH by simulating the electronic
structure of sites at the (010) cleavage face of
goethite. As shown in Fig. 4, oxygen atoms with
fewer than the three iron neighbors contribute 2p
DOS intensity at higher energy.

We conclude that the O K-edge XES and the
simulation are consistent with a greater number
of under-coordinated oxygen sites on the
surfaces of FeOOH nanoparticles relative to the
surfaces of goethite.

Implications for Reactivity

Here we discuss the implications of the
observed spectroscopic data on the redox
reactivity of FeOOH nanoparticles. Redox
reactions at the water-mineral interface involve
charge transfer processes either between mineral
and adsorbate (mineral as reagent), or between
surface bound reagents (mineral as catalyst) [4,
23, 24]. The absolute energy positions of the
electronic states in the mineral relative to the
adsorbate determine whether such processes are
possible [8]. However no quantitative predictions
can be made concerning the rates of possible
reactions, which depend on the molecular details
of the interfacial charge transfer process [24].

A key observation is that the band gap in
FeOOH nanoparticles is reduced relative to bulk
goethite, with two implications for
photochemical processes. First, a greater
proportion of sunlight can be absorbed by
FeOOH nanoparticles, creating VB holes and CB
electrons that may drive subsequent redox
chemistry. However, because the VB band edge

a-FeOOH (010) surface

_© —H
01 Fe)

0 (2Fe)

Fe? surface
—— O bulk (3 Fe)

—0 bulk
Fel bulk

OH bulk
—O bulk
Fe?t bulk

—— Bulk OH sites
Surface OH, 2 Fe neighbors_
Surface OH, 1 Fe neighbor

2.5

O pDOS (1/eV)

Energy (eV)

FIGURE 4. FEFF multiple scattering calculations of
the p-weighted density of states (DOS) for oxygen
atoms in three distinct hydroxide sites at the goethite
010 surface. The sites are displayed in the crystal
model, and differ in the number of iron neighbors.
The calculations show that surface O 2p states are less
tightly bound than states in the bulk.

lies at higher energy, the oxidizing power of VB
holes is lowered. While the reducing power of
CB electrons is less affected, photooxidation is
frequently the more efficient process at the
surfaces of illuminated iron oxide minerals [25].

The reductive dissolution of ferric iron
minerals is an important component of the iron
cycle and a feature of the metabolism of certain
bacteria in anoxic environments [23, 26].
Because our data indicate that the CB states in
FeOOH nanoparticles are not greatly modified
relative to bulk goethite, we do not anticipate
changes in the ability of aqueous reductants,
including bacterial electron transfer molecules,
to use FeOOH nanoparticles as electron
acceptors.

However, our data suggest that there may be
structural reasons for enhanced rates of reductive
dissolution observed in FeOOH nanoparticles
[2]. The free energy of the reductive dissolution
of ferric iron includes contributions from both
the charge transfer step and the formation of free
aqueous ferrous iron. The presence of structural
disorder and the reduced coordination of surface
oxygen sites are consistent with a lower surface



Fe-O bond strength. Therefore, we suggest that
structural rather than electronic contributions to
nanoparticle reactivity may dominate for
processes involving mineral dissolution.

CONCLUSIONS

Combined XAS/XES spectroscopy provides
a relatively direct measurement of the energy
positions of valence and conduction band states
in semiconductor minerals and thus is well suited
for investigations of band edge modifications in
nanoparticles. Relative to bulk goethite, 6 nm
FeOOH nanoparticles exhibit broadening of CB
Fe 3d derived states, and VB enhancement at the
band edge. We conclude that these changes are
caused by structural disorder, especially the
presence of under-coordinated oxygen sites at
the nanoparticle surface.
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